The adhesion molecule L-selectin is proteolytically cleaved from the surface of lymphocytes and neutrophils within minutes after stimulation by phorbol ester or calcium ionophores. In contrast to neutrophils, soluble factors have not been shown to induce down-regulation of L-selectin on lymphocytes. We therefore examined whether signals generated by interaction with cell surface receptors could deliver physiological stimuli inducing this regulatory mechanism. While crosslinking of several adhesion molecules (CD2, CD44, α 4 -integrin, LFA-1) by antibody did not result in a significant reduction of the expression of L-selectin, antibodies against CD45 and Thy-1.2, both involved in the regulation of lymphocyte activation, induced loss of cell surface L-selectin within minutes, even at 4°C, by shedding into the supernatant. Cross-linking of these molecules was shown to be essential, but Fc interactions or adherent cells were not required. A similar response, albeit less effective, was found after cross-linking of CD3. Interestingly, initiation of shedding only occurred in the presence of cell-cell contact, pointing to a second, as yet unknown, signal required. Loss of L-selectin induced by CD45 cross-linking is followed by a rapid re-expression of the molecule upon incubation at 37°C. This reaction is also dependent on specific triggering signals as rapid re-expression was not observed after removal of L-selectin by trypsin. The data indicate that the protein phosphatase CD45 as well as the TCR complex itself in combination with a further, as yet unknown, cell-cell contact-dependent stimulus have a regulatory role in the dynamic control of L-selectin expression in lymphocytes.
Introduction
Lymphocyte recirculation and entrance into lymph nodes or surface of neutrophils and lymphocytes (8) (9) (10) (12) (13) (14) . The rapid shedding is mediated by proteolytic cleavage. Recent Peyer's patches is regulated by a multistep adhesive interaction between lymphocytes and specialized postcapillary studies have defined the cleavage site (15,16) and suggest that an unknown metalloprotease is involved (17,18 ). vessels, the high endothelial venules (HEV). The major lymphocyte receptor mediating initial adhesion ('rolling') to
In the case of neutrophils, potent inducers of L-selectin down-regulation were found amongst cytokines and other lymph node HEV is L-selectin, a 90-95 kDa glycoprotein belonging to a receptor family with lectin binding sites (1) (2) (3) .
mediators (13) . However, various cytokines such as IL-1 to IL-6, IFN-γ and TNF-α failed to have significant short-term Lymphocyte L-selectin is required for entry into lymph nodes but also contributes to homing into mucosal sites (4) . effects on the cell surface expression of L-selectin on lymphocytes (8, 10) . The present study was designed to investigate The expression of L-selectin is regulated in a complex manner. Lymphocyte activation by mitogens or anti-CD3 whether engagement of surface receptors during cell-cell interactions could provide the signals regulating rapid alteraantibody under culture conditions has been found to result in a gradual down-regulation of L-selectin from the majority of tions in L-selectin expression of lymphocytes. The results show that cross-linking of the protein phosphatase CD45 lymphocytes (5) (6) (7) (8) (9) (10) . In contrast, after treatment with superantigen in vivo a rapid loss of L-selectin was observed on the induces a rapid down-regulation of L-selectin on lymphocytes. Similar findings were reported for human lymphocytes, but T cell population (11) . Activation of protein kinase C with phorbol ester, diacylglycerol or an increase in intracellular not granulocytes (19). Thus, CD45-generated signals may have an important function in controlling the proteolytic cleavCa 2ϩ levels upon treatment with calcium ionophores also induces an immediate shedding of L-selectin from the cell age of L-selectin. Interestingly, the same signals also induce a rapid re-expression of L-selectin, indicating a complex serum to prevent unspecific binding of the FITC-labeled anti-Lselectin antibody. Cells were fixed with 1% paraformaldehyde regulatory machinery controlling L-selectin expression.
after staining. In cases where cell contact was to be avoided during Methods treatment with antibodies, cells were centrifuged on a metrizamide cushion for removal of the first or second antibody. In Animals and cells this case, cells were rapidly fixed with 1% paraformaldehyde Female BALB/c mice (6-12 weeks of age) were obtained for Ͻ5 min before staining with the FITC-conjugated anti-Lfrom the Versuchstierzuchtanstalt (Hannover, Germany) or selectin antibody. Control experiments with phorbol myristate the local animal facility. Lymphocytes were prepared from acetate-induced shedding showed that metrizamide has no mesenteric and peripheral lymph nodes. Dead cells were influence on the proteolytic cleavage of L-selectin. removed by centrifugation on a cushion of 18% isotonic
For the analysis of down-regulation by different lymphocyte metrizamide (Nycomed, Oslo, Norway). The cells were sussubpopulations, cells were treated with unlabeled anti-CD45 pended in RPMI 1640 (Gibco, Eggenstein, Germany) suppleantibody, and subsequently stained in parallel with Mel-14-mented with 10% heat-inactivated FCS (PAN, Aidenbach, FITC and anti-CD4, anti-CD8 or anti-B220 antibody conjugGermany) if not otherwise stated.
ated to phycoerythrin. After staining, cells were analyzed in the flow cytometer mAb using a logarithmic detector setting. In multiparameter anaThe following hybridoma lines were used. Anti-L-selectin, lyses, compensation was done manually using appropriate MEL-14 (1) was kindly supplied by E. C. Butcher (Stanford, single and at double positively stained cells. Subset-specific CA); anti-CD45 (backbone), M1/89.18.7 (20), anti-CD45 effects on the expression of L-selectin were evaluated by (B220), RA3-3A1/6.1 (21) and anti-CD45RB, 23G2 (22) Lymphocytes suspended in RPMI without FCS were incubated Holzmann (Mü nchen, Germany). Goat anti-rat IgG antibody, with 20 µg/ml mAb 30G12 for 30 min at 4°C or 500 µg/ml specific for the Fab portion and absorbed against mouse trypsin at 37°C for 10 min. Both treatments did not affect cell IgG, and mouse anti-rat IgG antibody (Fc fragment specific) viability. Control lymphocytes were incubated for 30 min at were from Jackson ImmunoResearch (Dianova, Hamburg, 4°C. The lymphocytes were pelleted by centrifugation and Germany); a rat IgG2a control antibody (anti viral gp55 , 1A5) the supernatant applied on a nitrocellulose filter by slow was obtained from Dr Thomas Franz (Hamburg, Germany).
suction through a slot-blot manifold. The nitrocellulose was Antibodies were purified from hybridoma supernatants by dried and blocked with 20% FCS and 10% mouse serum. Laffinity chromatography on a mouse anti-rat κ chain column.
selectin was detected by incubation with biotinylated Mel-14 F(ab) and F(ab) 2 fragments were obtained by cleavage antibody followed by peroxidase-conjugated streptavidin and with papain (30) and subsequent purification by HPLC gel 4-chloro-1-naphtol as substrate. A semiquantitative deterpermeation chromatography on ZORBAX GF250. FITC was mination of relative L-selectin content in the different samples coupled (30) to purified MEL-14 or 1A5 antibody using 50 or was carried out by scanning of the blot with a flat bed scanner 60 µg dichlorotriazinylamino fluoresceine/mg protein respectand quantitation with image analysis software (Image; NIH, ively, resulting in a molar F/P ratio of 3-4.
Bethesda, MD). For analysis of re-expression, the cells were washed after treatment with anti-CD45 antibody (30G12) or Immunofluorescence analysis trypsin, transferred to 37°C, incubated for various times and The expression of L-selectin was measured by staining with subsequently stained with Mel-14-FITC or control antibody. FITC-coupled MEL-14 antibody and analysis on a FACScan flow cytometer (Becton Dickinson, Heidelberg, Germany) and Results analyzed by the WinList TM software (Verity Software House, Topsham, ME). Lymphocytes (2ϫ10 6 ) were incubated for 30
Rapid L-selectin down-regulation is induced by anti-CD45 min on ice with a previously determined saturating amount of mAb either FITC-coupled MEL-14 antibody or the control antibody 1A5-FITC. To detect the regulatory role of surface receptors, To test the hypothesis that ligand-induced redistribution of surface receptors initiates down-regulation of L-selectin, the cells were pretreated for 30 min on ice before staining with the respective antibodies. If indicated, an incubation with lymph node lymphocytes were treated with antibodies against a variety of interaction molecules with or without additional an anti-rat IgG second antibody was carried out in addition to induce cross-linking. In the latter case, the anti-rat antibody cross-linking by anti-rat Ig antibodies. Subsequently L-selectin expression was analyzed by immunofluorescence with FITCwas blocked subsequently by addition of 10% normal rat lymphocytes ( Fig. 2B-D) . In contrast, another antibody directed against a backbone epitope of CD45, M1/89.18.7 failed to affect L-selectin expression, even when additionally cross-linked with a second antibody. Its inability to trigger Lcoupled MEL-14 antibody. To prevent a rapid re-expression of L-selectin (see below) all steps were carried out at 4°C. selectin down-regulation indicates that the orientation of the cross-linked CD45 molecule or the accessibility of certain Incubation for 30 min with antibodies against LFA-1, CD2, CD44 or α 4 -integrin did not result in a significant reduction of epitopes (for interaction with other surface receptors?) may also be important. L-selectin expression (Fig. 1B-E) . The same was true if the cells were treated with the first antibody alone.
The expression levels of other molecules such as CD44, CD4, CD8 or CD3 were not affected by CD45 cross-linking In contrast, treatment of lymphocytes with the anti-CD45 mAb 30G12 alone led to a marked increase in the number of under the conditions used. Also, CD45 expression itself was not modulated after cross-linking (not shown). L-selectin-negative cells (data not shown) that was further increased after additional incubation with a second antibody Rapid down-regulation by anti-CD3 cross-linking (Fig. 1H) . The only other antibodies for which we observed rapid L-selectin down-regulation after cross-linking were antiCross-linking of the TCR complex with anti-CD3 antibodies for 30 min followed by anti-rat Fc leads to a partial loss of L-CD3 (Fig. 1F, see below) and anti-Thy-1.2 (Fig. 1G) .
Down-regulation by mAb 30G12 had occurred after the selectin (Fig. 1F) . Furthermore we show that the kinetics of L-selectin down-regulation induced by anti-CD3 antibodies shortest technically possible time of 10 min incubation (not shown), even at 4°C, indicating that this mechanism might alone is highly dependent on the cell density. Incubation of 5ϫ10 6 cells/ml at 37°C with anti-CD3 results in L-selectin proceed very rapidly under in vivo conditions.
In addition to 30G12, some but not all antibodies against down-regulation with maximum effect after 3 h, whereas the treatment of 2ϫ10 6 cells/ml under the same conditions leads other epitopes of CD45 could induce L-selectin down-regulation (Fig. 2) . Three different antibodies against the backbone to a maximal L-selectin down-regulation only after 23 h (Fig. 3) . 
Cross-linking is necessary for L-selectin down-regulation
Incubation of lymphocytes with Fab fragments of the anti-CD45 mAb 30G12 has no effect on L-selectin expression (Fig. 4C) . F(ab) 2 and cross-linking of Fab are without effects as well ( Fig. 4E and D) , but cross-linking of F(ab) 2 fragments with an anti-Fab second antibody leads to a down-regulation of L-selectin (Fig. 4F) . Most efficient was cross-linking of 30G12 IgG with an anti-Fc antibody (Fig. 4B) . Some preparations of 30G12 were particularly active, even without cross- by gel permeation chromatography revealed the presence of ml 30G12 IgG, followed by second antibody (goat anti-rat Fc), (C) 20 µg/ml 30G12 Fab, (D) 20 µg/ml 30G12 Fab, followed by second a fraction of aggregated 30G12 antibody, which turned out antibody (goat anti-rat Fab), (E) 20 µg/ml 30G12 F(ab) 2 , (F) 20 µg/ to be very efficient in mediating the down-regulating signal ml 30G12 F(ab) 2 , followed by second antibody (goat anti-rat Fab).
(data not shown).
The first and second incubations were carried out at 4°C for 30 min:
The Fc part of the triggering antibodies is not required, since down-regulation can be induced both with F(ab) 2 fragments Influence of cell-cell contact on L-selectin down-regulation induced by cross-linking of CD45 natant (Fig. 6 ). This indicates that the rapid down-regulation Some variability in the degree of down-regulation induced by of L-selectin after treatment with anti-CD45 occurs by shed-CD45 in initial experiments pointed to additional parameters ding from the surface. of importance. The inhibition of cell-cell contact during the incubation with anti-CD45 mAb 30G12 and the subsequent Rapid re-expression of L-selectin after anti-CD45-induced centrifugation steps by use of a high-density cushion (metrizadown-regulation mide) during centrifugation revealed that triggering of LWhen L-selectin down-regulation was induced by anti-CD45 selectin down-regulation requires cell-cell contact (Fig. 5A) .
antibody, rapid re-expression of L-selectin could be observed Also, cross-linking of CD45 with an additional second antibody after removal of the antibody and incubation at 37°C (Fig. 7) . (anti-Fc) remained ineffective when cell-cell contact was After 10 min of incubation, L-selectin expression had already prevented (Fig. 5B) . These data suggest that cell-cell contact returned to nearly maximal values, thereafter declining gradubetween pelleted cells provides a second signal which, in ally with time. conjunction with ligation of CD45, induces L-selectin downIn contrast, removal of L-selectin from the surface by trypsin regulation (Fig. 5C ). The contact of the cells with metrizamide treatment is not followed by rapid re-expression; the slow rise itself has no influence on the proteolytic shedding of L-selectin in expression may represent the usual rate of re-synthesis. (data not shown).
To further characterize this second signal mediated by cellcell contact we tested whether blocking a variety of cell Discussion interaction molecules could prevent CD45-induced down-
The expression of L-selectin on lymphocytes underlies distinct regulation of L-selectin. Inclusion of a mixture of Fab fragments regulatory mechanisms. Whereas a continuing loss of expresspecific for LFA-1, CD2, CD44, ICAM-1 and α 4 -integrins had sion, due to a down-regulation of mRNA synthesis, is observed no influence on anti-CD45-induced L-selectin down-regulation in the majority of lymphocytes upon prolonged activation and (data not shown). Therefore potential signals transmitted via differentiation into memory cells (M. Dailey, pers. commun.), these above-mentioned cell adhesion molecules seem not to T cell stimulation by phorbol esters is able to induce a be involved in triggering L-selectin down-regulation.
peculiarly rapid process of shedding of the molecule by Down-regulation occurs by shedding of L-selectin from the proteolytic cleavage (8) (9) (10) (12) (13) (14) 31) . More recently, it has cell surface been shown that contact with endothelium also induces Lselectin shedding (50) and that as yet unknown metalloproteIncubation of lymphocytes with anti-CD45 mAb 30G12 increases the amount of L-selectin detectable in the superases are involved in this process (17,18).
restores the functional capacity of a cell after stripping its Lselectin. This result also explains why a loss of L-selectin after CD45 cross-linking is hardly detected at 37°C. It suggests an ordered sequence of events regulating L-selectin expression after applying appropriate signals. How CD45 acts as a surface receptor is still unknown. Notably, ligands have not been identified so far besides (human) CD22, a lectin on B cells binding to the sialic acid residues on CD45 (36). However, murine CD22 recognizes only the B cell-specific isoform of CD45RA (B220), but not CD45 on T cells (37) ; accordingly, we could not detect an influence of soluble CD22 Ig (36) on L-selectin shedding (not shown). The existence of further ligands for CD45 or, more likely, an indirect role of CD45 by reporting changes in cell density better reflects the conditions of activation in vivo. The nature of the second signal contributed by cell contact is still unknown; interactions via the cell adhesion molecules LFA-1, CD2, CD44, ICAM-1 and α 4 -integrins were not found However, receptors inducing the shedding mechanism on lymphocytes are still elusive. We demonstrate here that the to be involved. It is well established that L-selectin mediates adhesion of protein tyrosine phosphatase CD45 is part of a signaling pathway involved in regulating the expression of L-selectin.
lymphocyte to lymph node HEV and is involved in recruitment of leukocytes into inflamed tissue. Several alternative hypoIn addition, under conditions of cell contact, also other activating or co-stimulatory receptors are able to trigger a theses for the physiological function of rapid L-selectin shedding may be considered in this context. It has been suggested rapid down-regulation of L-selectin, albeit at a lower efficiency.
Interestingly, the selective down-regulation of L-selectin that shedding of the receptor after binding provides a necessary de-adhesion step during transit through the endothelial induced by CD45 proceeds even at 4°C within a few minutes, suggesting that the proteolytic mechanism is already 'armed' layer. This was apparently supported by the finding that neutrophils (13) and lymphocytes (M. Dailey, unpublished and may proceed very rapidly at physiological temperatures. We show elsewhere that CD45 cross-linking induces Ca 2ϩ data) recently extravasated into tissue were lacking L-selectin and that cross-linking of neutrophil L-selectin induced shedsignals. In addition, protein kinases are involved in the negative regulation of the shedding process (M. Wroblewski et al., ding of the molecule (39) . A different role for the shedding process has been suggested recently by K. Kishimoto, providin preparation). This demonstrates that an outside-in signaling controls the level of L-selectin. However, the exact signaling ing experimental evidence that cleavage of L-selectin could rather play a role in the dynamic regulation of leukocytepathway and how the unknown protease becomes activated remains to be elucidated. endothelium interactions during rolling (40) . Several recent investigations indicate that L-selectin may Triggering of L-selectin down-regulation requires crosslinking of CD45. We found no indication that cross-linking of also function as a signaling molecule: it is associated with the CD3-TCR complex (41), can modulate T cell responses receptors such as CD2, LFA-1, α 4 -integrin and CD44 can influence L-selectin expression, albeit it cannot be excluded (42, 43) , and induces tyrosine phosphorylation and activation of MAP kinase (44) , as well as a rapid and transient increase that the actual epitope triggered by the antibody used is of importance. Other functional alterations in response to CD45 in intracellular calcium and O -2 generation in neutrophils (45). L-selectin ligands are not only expressed on endothelium but cross-linking include modulation of T cell activation via anti-CD3 antibody (32, 33) , induction of homotypic cell aggregation also have been detected on leukocytes (46) . It is tempting to suggest that leukocyte-lymphocyte interactions by this (34, 35) as well as modulation of aggregation induced via ICAM-3, CD19 or CD40 triggering (32, 33) . adhesion pathway could modulate T cell or neutrophil activation. Our finding, that the proteolytic shedding of L-selectin Interestingly, our data suggest that not only down-regulation is initiated via a CD45 signaling pathway. Loss of L-selectin can be induced by triggering of the TCR complex or surface molecules involved in co-stimulation and regulation of TCR after anti-CD45 treatment, but not after trypsin treatment, is followed by a rapid re-expression of L-selectin. This indicates signaling, i.e. Thy-1 and CD45 (47,48) might underline the functional link between lymphocyte activation and proteolytic that cross-linking of CD45 also induces a positive signal, which leads to an enhanced synthesis or transport of shedding of L-selectin, and raise the question as to whether L-selectin serves additional functions beside lymphocyte-L-selectin from intracellular pools to the surface and rapidly
